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Abstract
I suggest the possibility of a new string in ten dimensions. Evidence for this string
is presented both from orientifold physics and from K-theory, along with a mystery
concerning the M-theory description. Motivated by this possibility, some novel as-
pects of decoupling limits in heterotic/type I theories are described; specifically, the
decoupled theory on type I D-strings is argued to be three-dimensional rather than
two-dimensional. These decoupled theories provide the matrix model definitions of
the heterotic/type I strings.
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1 A New String?
1.1 Introduction
While string theory is now a reasonably mature field, there are still surprises to be found
even in fundamental string theory. There are five known perturbative strings in ten dimen-
sions. The closed strings consist of the type IIA and type IIB theories which enjoy maximal
supersymmetry [1,2]. There are also E8×E8 and Spin(32)/Z2 heterotic strings which pre-
serve sixteen supersymmetries [3, 4]. Lastly, there is the type I open string which also
preserves sixteen supersymmetries. These strings are all believed to be perturbative limits
of M-theory. The final node of M-theory is its long wave-length expansion described by
eleven-dimensional supergravity. This node has no coupling constant. This quite beautiful
and unified picture of string theory is summarized in diagram 1.
One might wonder whether this diagram is complete. Could there be another spoke in
this diagram? There are rather strong constraints on any such node. Its low-energy theory
must be described by a supergravity theory. To have a scalar field that could serve as a
string coupling constant, it must live in ten rather than eleven dimensions. All such low-
energy supergravity theories with 16 or 32 supersymmetries are classified. Indeed one can go
beyond the 2 derivative long wave-length supergravity approximation and classify possible
couplings to at least 8 derivatives in theories with maximal supersymmetry [5]. For theories
with 16 supersymmetries, much less is currently known about the higher momentum inter-
actions beyond the 4 derivative interactions, which are closely tied to anomaly cancelation.
Indeed, anomaly cancelation is a very strong constraint on theories with 16 supercharges.
This constraint determines the gauge group to be either E8×E8nZ2, Spin(32)/Z2, U(1)496
or E8 × U(1)248 [3]. The latter two possibilities, U(1)496 and E8 × U(1)248, were ruled out
in [6].
This leaves very little room for anything new at weak coupling. Any new string will have
to coincide at weak coupling with one of these known nodes unless there is a new mechanism
for anomaly cancelation. Let us consider the type I string. The closed string sector of type
I string theory can be viewed as an orientifold of type IIB string theory by world-sheet
parity Ω. However, type IIB string theory has a RR axion C0 which complexifies the type
IIB string coupling gs = e
φ,
τ = C0 +
i
gs
. (1.1)
The periodicity of C0 is
C0 ∼ C0 + 1, (1.2)
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Figure 1: Perturbative limits of M-theory.
with the convention that τ is identified under SL(2,Z):
τ → aτ + b
cτ + d
, (a, b, c, d) ∈ Z, ad− bc = 1. (1.3)
Conventional type I string theory corresponds to orientifolding at the point C0 = 0. Under
world-sheet parity Ω,
C0 → −C0, (1.4)
so there is a second possibility of taking C0 =
1
2
which is consistent with the orientifold
action. At the perturbative level, there is no obvious way to distinguish this string from
the type I string in flat space. At low-energies, this theory should be described by type I
supergravity in ten dimensions.
Clearly, the possibility of a new string is a highly speculative proposition. While the
choice C0 =
1
2
seems to exist in perturbative string theory, there are several possibilities non-
perturbatively: the theory might be inconsistent; the choice of C0 might not be measurable
and the theory might end up equivalent to conventional type I string theory; the non-
perturbative definition might not fit into the web of M-theory backgrounds, like massive
type IIA supergravity; or this might define a distinct consistent background. It is difficult
to decide between these options without direct data about how C0 affects the spectrum of
D-branes and the structure of orientifold planes. Taking an optimistic attitude, we will
explore some aspects of the theory which suggest significant differences from type I in the
spectrum of D-branes.
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Discrete choices like the value of C0 which do not affect closed string perturbative
physics, but do affect non-perturbative closed string physics (and possibly open string
physics) appear in a number of situations in field theory and string theory. For example,
Type I compactifications with gauge bundles that do not admit vector structure involve a
discrete choice similar to the one proposed here [7–9]. Those type I compactifications can be
described as orientifolds of type IIB string theory with a 1
2
unit of NS B2-field threading a
2-cycle. The simplest example is compactification on a torus T 2. Much like C0, world-sheet
parity inverts B2 allowing for 2 invariant choices under the orientifold action. In this case,
the topology of the gauge bundle correlates with the choice of B2-field.
A similar example is found by considering type I compactified on T 4 with a configura-
tion that corresponds to a non-trivial “quadruple” of holonomies [10]. This is a zero energy
non-trivial configuration of Spin(32)/Z2 Wilson lines on T 4, which cannot be deformed to
a trivial configuration while maintaining zero energy. The existence of such a vacuum is
quite surprising since there is no currently known invariant, analogous to a Chern-Simons
invariant or a Pontryagin class, that distinguishes the non-trivial vacuum from a configu-
ration deformable to the trivial vacuum. Viewed as a type IIB orientifold, this choice of
gauge bundle correlates with a 1
2
unit of C4 flux through T
4 [11]. Precisely like C0, the C4
RR potential is inverted by world-sheet parity permitting two invariant choices.
Similarly, there appear to be two possible orientifolds of type IIB on any six manifold,
giving two type I compactifications. The two flavors of compactification to four dimensions
are distinguished by 1
2
unit of NS B6-potential threading the six manifold [12]. Alternately,
one can view the two cases as differing by an expectation value of the axion dual to the four-
dimensional NS B2-field. While this axion certainly affects non-perturbative amplitudes,
whether the gauge-bundle can directly detect the expectation value remains mysterious.
Other examples of discrete choices changing non-perturbative physics are found in strings
propagating on gerbes [13,14]; for a review and further references on this topic, see [15].
1.2 The spectrum
The most basic question that comes to mind is how to distinguish this new string from
the conventional type I string. To answer this question, it is useful to recall the M-theory
description of type I. We can obtain the M-theory description by compactifying type I on a
circle and T-dualizing this circle. To obtain a perturbative compactification with no dilaton
gradient [16], it is convenient to turn on a Wilson line on the circle breaking the space-time
3
gauge group G to a group with local structure
G = SO(16)× SO(16). (1.5)
The resulting T-dual theory is type I′, which is type IIA string theory on S1/ΩZ2. Let us
use θ2 as a coordinate for the S
1 factor. The quotient action inverts θ2. There are two
O8−-planes localized at the two-fixed points of the Z2 action. By distributing an equal
number of D8-branes at both ends of the interval, the charge cancelation is point-wise and
the gauge group is (1.5).
Taking the strong coupling limit gives M-theory compactified on the cylinder,
S1 × S1/I, (1.6)
with coordinates (θ1, θ2). The quotient I is a Z2 orientifold action that inverts both the
M-theory 3-form potential C3 as well as θ2. This quotient produces two disjoint boundaries
on which SO(16) gauge bosons are localized. This geometry is depicted in diagram (a) of
figure 2. Since the geometric quotient action is parity odd, the additional action on the
M-theory 3-form is required. This is the M-theory description of type I compactified on a
circle.2
We can conveniently view this background as a quotient of M-theory on T 2, which
describes type IIB string theory. This will be useful for comparing the spectra of type I
against our proposed string. Let us start by recalling how the parameters and BPS spectra
of M-theory on T 2 match the parameters and spectra of type IIB on a circle. We identify
the complex structure of the torus with the type IIB coupling (1.1). The area of the torus
determines the size, RB, of the IIB circle via the relation,
RB =
`3p
A
, (1.7)
where `p is the 11-dimensional Planck scale. The decompactification limit corresponds to
A→ 0. For the torus metric, we take
ds2 =
A
τ2
dzdz¯, (1.8)
z = θ1 + iθ2 ∼ z + (nˆ+ mˆτ), (1.9)
where A is the torus volume and (nˆ, mˆ) are integers.
2Some interesting concerns about the existence of type I string theory beyond perturbation theory are
described in [17]. We will work under the assumption that the theory exists non-perturbatively.
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The Kaluza-Klein spectrum consists of point particle excitations in 9-dimensions with
masses,
M2(n,m) =
1
Aτ2
[
n2τ 22 + (m− τ1n)2
]
. (1.10)
Each of these modes is BPS. The (n,m) excited mode has charge (n,m) with respect to
the 9-dimensional Kaluza-Klein gauge potentials
gµθ1 −
τ1
τ2
gµθ2 ,
1
τ2
gµθ2 . (1.11)
From the type IIB perspective, these modes arise from an (n,m) string wrapping the IIB
circle of size RB. The (1, 0) string is the D-string while the (0, 1) string is the fundamental
string. As τ1 interpolates from 0 to 1, a (1, 0) string turns into a (1,−1) string.
The quotient action that produces type I acts on the M-theory torus with τ1 = 0 as
follows:
I : (θ1, θ2, C3)→ (θ1,−θ2,−C3). (1.12)
This projection kills the massless gµθ2 gauge potential. Invariance under the quotient action
forces modes with momentum (0,m) to appear in combination with modes of momentum
(0,−m). This is how M-theory reflects the absence of stable fundamental string winding
modes in type I string theory, or equivalently, the absence of stable fundamental string
momentum modes in the T-dual type I′ theory. There are, however, stable BPS excitations
coupling to gµθ1 . In type I string theory, these are modes of the D-string wrapping the RB
circle.
How is the new string theory realized in M-theory? This is a difficult question. The
ideal approach is to study the perturbative orientifold with C0 =
1
2
, and deduce its D-brane
spectrum and behavior under T-duality. Nevertheless, without that data we can try to
proceed with some reasonable guesses about how the theory might behave. The T-duality
that goes from type I to type I′ is a basic closed string T-duality. It is unlikely to be
affected by a RR potential like an expectation value for C0. Therefore the right quotient
action should include θ2 → −θ2 in the M-theory description. On the other hand, the nature
of the orientifold planes produced by T-duality can differ from the two O8−-planes that
appear for the conventional type I case. There is already considerable evidence that this
happens for the orientifold T 4/Ω in the presence of a discrete C4 potential through the
T 4 [11]. It is quite critical to understand how this happens directly in perturbative string
theory since the rank of the gauge group is reduced by 8 in that example. If a similar rank
reduction were happening in our case, it would suggest a different mechanism for anomaly
cancelation.
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Let us proceed keeping in mind this caveat about the orientifold planes. Note that
the torus identifications (1.9) are invariant under (1.12) for both τ1 = 0 and τ1 = 1/2. It
is natural to guess that the latter case corresponds to the new string. This possibility is
depicted in case (b) of figure 2.
However, there is a puzzle. Instead of a cylinder, the quotient action (1.12) produces a
space with one boundary; indeed, it produces a Mo¨bius strip. In the weak coupling limit, we
expect two independent sets of SO(16) gauge bosons localized at the ends of an interval.
Yet in this case, we would seem to have one independent set. This suggests something
unusual is going on: either the quotient action is more complicated than (1.12), or perhaps
the rank is reduced, and there is some alternate mechanism for anomaly cancelation. This
would have to come from the RR potential modifying couplings on the orientifold planes.
An alternate possibility is that the resulting type I′ background might not be perturbative,
much like the T-dual of type I with unbroken gauge symmetry. The boundary could then
support a more exotic 9-brane defect. This is the most significant mystery concerning the
proposed new string. Note that another interpretation for M-theory on a finite size Mo¨bius
strip, suggested in [18], is in terms of the 9-dimensional CHL string [19].
(a) (b)
Figure 2: (a) Conventional type I′ string theory with two boundaries. (b) The quotient (1.12)
produces a Mo¨bius strip with one boundary.
Under the quotient I of (1.12) with τ1 = 1/2, the gravitational BPS spectrum changes
quite significantly. Invariance under (1.12) forces states with Kaluza-Klein momenta (n,m)
to appear in the combinations,
|(n,m)〉 ± |(n, n−m)〉. (1.13)
The possible surviving BPS states therefore have Kaluza-Klein momenta (2m,m). These
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modes couple to the space-time gauge potential, gµθ1 , which is invariant under the ac-
tion (1.12). The mass of these excitations, given by
M2(2m,m) =
4m2τ2
A
, (1.14)
is larger than conventional D-string wrapping modes in type I string theory. This contrast
in the spectrum, which agrees with expectations for the CHL string, provides a rather sharp
distinction between this new proposed string and type I string theory.
A similar phenomenon occurs for configurations that are magnetically charged with re-
spect to the potentials (1.11). In M-theory, these are Kaluza-Klein monopole configurations
with respect to the two U(1) isometries of the torus. In type IIB string theory prior to any
projection, these are (p, q) 5-branes. In conventional type I string theory, the D5-brane
survives the projection as a stable BPS configuration. With τ1 = 1/2, only even charge
bound states survive.
While the spectrum appears quite different from type I, it is important to stress that
the collection of stable excitations is the same. Indeed, while the global structure of the
space-time gauge group might be quite subtle to determine, the local structure is fixed
by anomaly cancelation to be isomorphic to SO(32).3 The existence of the non-trivial
homotopy groups
pi7(SO(32)) = Z, pi8(SO(32)) = Z2, pi9(SO(32)) = Z2, (1.15)
still implies the existence of a gauge string, a gauge particle and a gauge instanton config-
uration [20–22].
It is natural to ask what is going on from the world-volume perspective of D-strings and
D5-branes. Type IIB (n,m) strings can be viewed as bound states of m units of electric
flux on the world volume of n coincident D-strings [23]. The C0 potential plays the role of
a theta-angle in the two-dimensional gauge theory. Setting C0 = 1/2 creates 1/2 unit of
electric flux on the D-string world-volume. Because of the Chern-Simons coupling on type
II D-branes proportional to, ∫
CRR ∧ Tr e2piα′F , (1.16)
where F is the field strength for the world-volume gauge-field, it is interesting to speculate
that turning on the background C0 = 1/2 might correlate with turning on a discrete theta-
angle on the orientifolded D-brane world-volume.
3At least under the assumption of no new anomaly cancelation mechanism.
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It is worth noting that there is a possible discrete theta-angle for type I D5-branes.
The world-volume for N D5-branes supports an Sp(N) gauge group in a notation where
N denotes the rank of the group. We note that
pi5(Sp(N)) = Z2, N ≥ 1. (1.17)
providing a discrete choice. Turning on the background C0 = 1/2 might therefore correlate
with turning on the discrete theta-angle permitted by (1.17).
A similar suggestion for D-strings also looks plausible. The world-volume of N D-strings
supports an O(N) gauge theory with (0, 8) supersymmetry. The choice of theta-angles is
classified by
pi1(O(N)) = Z2, N > 2. (1.18)
The case N = 1 is a discrete gauge theory, while pi1(O(2)) = Z. Since the BPS spectrum
appears to consist of only even N states, there is always a candidate theta-angle. To
determine how a discrete RR potential like C0 in type I or C1 in type I
′ modifies the D-
brane world volume theory will really require a direct study in perturbative string theory.
1.3 Confirmation from K-theory
Both RR charges and RR fluxes are classified by K-theory in weakly-coupled string theory.
For the type I string on R10, the choice of fluxes is believed to be classified by the group
KO−1(R10) in the absence of B-fields [24]. The discrete choice of C0 proposed in section 1.1
should appear in such a classification. Alternately, viewed as an orientifold of type IIB,
the group of fluxes can be computed using the formalism of [25], which applies to a very
general class of orientifolds. Actually it is important that RR fields be viewed as elements
of differential K-theory rather than topological K-theory in order to understand the relation
with C0 =
1
2
as a fixed point under the orientifold action [26]; for an exposition, see [27].
To compute the K-theory group, we follow [24] noting that KO−1(R10) is equivalent to
the reduced K-theory group K˜O(S1 × R10). We are interested in fluxes that preserve the
translational symmetries of R10 so this group reduces to K˜O(S1) = Z2. We identify these
two choices with the two choices for C0 described in section 1.1. The K-theory classification
of fluxes provides further confirmation that there is indeed another possible string theory
in ten dimensions.
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1.4 The strong coupling limit
The strong coupling limit of conventional type I string theory is the Spin(32)/Z2 heterotic
string. We can understand this duality from M-theory as a consequence of the SL(2,Z)
duality group of M-theory on T 2, given in (1.3). For τ1 = 0, there is a Z2 subgroup of the
full SL(2,Z) generated by,
τ → −1
τ
, (1.19)
which exchanges S1 and S1/Z2. This action inverts the type I string coupling which is
identified with the underlying type IIB coupling,
gI → ghet = 1
gI
, (1.20)
and exchanges type I string theory with the Spin(32)/Z2 heterotic string. This latter
exchange can been seen by first reducing M-theory on S1/Z2 to get the E8 × E8 heterotic
string [28]. The subsequent reduction on S1 with a choice of Wilson line breaking the gauge
group to SO(16) × SO(16) followed by T-duality now gives Spin(32)/Z2 heterotic string
theory rather than type I string theory.
For the case τ1 = 1/2, the situation is different. We again identify the string coupling of
the new string, gs, with the underlying type IIB coupling
1
τ2
. We need to examine whether
any SL(2,Z) action on T 2 can map a small value of τ2 (corresponding to strong coupling)
to a large value (corresponding to some weakly coupled theory). This is only possible for
rational τ1 under an SL(2,Z) action (1.3) with
cτ1 + d = 0, τ2 → 1
c2τ2
. (1.21)
One such action is given by,
TST 2S =
(
1 −1
2 −1
)
, (1.22)
with SL(2,Z) generators:
T =
(
1 1
0 1
)
, S =
(
0 −1
1 0
)
. (1.23)
This transformation preserves τ1 = 1/2 and sends τ2 → 14τ2 . The factor of 4 fits with the
mass spectrum given in (1.14) suggesting a light closed string governs the strong coupling
limit.
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The change of basis for the torus implemented by (1.22) is not a symmetry of the theory
because of the orbifold action. Rather, it is a mapping of one theory at strong coupling
to a possibly distinct theory with large τ2. Whether that theory is really weakly coupled
depends on whether τ2 still corresponds to some effective coupling constant. To describe
the resulting model, it is convenient to shuffle the τ -dependence of the periods back into
the torus metric and work with coordinates (θˆ1, θˆ2) with canonical periods,
θˆ1 ∼ θˆ1 + nˆ, θˆ2 ∼ θˆ2 + mˆ, nˆ, mˆ ∈ Z, d̂s
2
=
A
τ2
|dθˆ1 + τdθˆ2|2, (1.24)
rather than (1.8). In hatted coordinates, the quotient action (1.12) sends:
I : (θˆ1, θˆ2, C3) → (θˆ1 + θˆ2,−θˆ2,−C3). (1.25)
The SL(2,Z) action (1.22) then describes the change of coordinates,
(θˆ1, θˆ2) → (θ˜1, θ˜2) = (−θˆ1 − θˆ2, 2θˆ1 + θˆ2), (1.26)
needed to implement the possible strong-weak coupling duality:
τ → τ − 1
2τ − 1 . (1.27)
In terms of the tilde coordinates (1.26), the quotient action (1.25) becomes:
I˜ : (θ˜1, θ˜2, C3)→ (−θ˜1 − θ˜2, θ˜2,−C3). (1.28)
The fixed set under I˜ consists of the single boundary:
2θ˜1 = θ˜2. (1.29)
1.5 A DLCQ description
Matrix theory provides a non-perturbative definition of discrete light-cone quantized string
theories [29]. Perhaps its most elegant success is in providing a definition of string theory
in ten flat space-time dimensions; particularly for the case of the type IIA string [30, 31].
Less well explored but perhaps just as elegant is the non-perturbative formulation of type
IIB string theory in terms of the field theory on M2-branes wrapping T 2 [32, 33]. It is
critical that this theory is 2 + 1-dimensional with the SL(2,Z) symmetry of the torus
making manifest the SL(2,Z) of type IIB string theory. We will see that matrix theory
implements strong-weak coupling dualities for string theories with 16 supersymmetries in
a quite interesting way.
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1.5.1 The SO(32) strings
A matrix description of the Spin(32)/Z2 heterotic string was proposed in [34, 35]. This
should also describe the type I string at strong coupling. Let us review that result which
starts by considering the Spin(32)/Z2 heterotic string compactified on a light-like circle,
X− ∼ X− +R, (1.30)
with N units of momentum P+ = N
R
. The parameters of the theory are ghets and `s.
Following [36], we make the light-like circle slightly space-like
(X+, X−) ∼ (X+, X−) + (−2R,R), (1.31)
where eventually we will take  → 0. A large boost (X+ = x+, X− = x−

) relates this
almost light-like compactification to a space-like compactification with x1 ∼ x1 + √2R
where x± = 1√
2
(x0 ± x1) .
With no light-like Wilson line, T-dualizing the x1 circle gives back the Spin(32)/Z2
heterotic string on a circle with radius scaling like 1

. The new string coupling also scales
like 1

so an S-duality is needed to take us to a weakly coupled type I theory with a string
coupling scaling like  and a string-frame metric:
ds2 ∼ R
`s
{
−2dx+dx− +
8∑
i=1
(dxi)2
}
. (1.32)
This is exactly the same set of arguments that lead to the matrix string description of
type IIA string theory. The momentum modes become type I D-strings wrapping x1 in
the background (1.32). The D-strings support a 1 + 1-dimensional field theory with world-
volume coordinates (σ, τ). Aside from the Spin(1, 1) Lorentz group, the world-volume
global symmetry group is Spin(8)R × Spin(32)f . The action is completely determined
by demanding (0, 8) supersymmetry and an unbroken Spin(32)f flavor symmetry. The
gauge group is O(N) and the matter multiplets consist of 8 scalar fields transforming in
the (8V ,1) representation of the global symmetry group, and the symmetric 2-tensor of
O(N). Associated to these bosons by supersymmetry are right-moving fermions also in the
symmetric 2-tensor of O(N). There are also left-moving gauginos in the adjoint of O(N)
partnered to the vector multiplet. The 1-9 strings give left-moving fermions in the (1,32)
and the fundamental of O(N).
Ignoring numerical factors, the initial heterotic parameters map to the gauge theory
parameters as follows,
σ ∼ σ + `s, gYM = 1
ghets `s
. (1.33)
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The weakly-coupled heterotic string is described by a matrix string, very much along the
lines of the type IIA matrix string. The type I string should emerge when gIs =
1
ghets
becomes
small. The type I string scale,
(α′)I = ghets (α
′)het,
is held fixed. In terms of the gauge theory, this corresponds to energies E << 1
`s
which
implies a reduction to a quantum mechanical theory.
Now let us take a different approach.4 Instead of starting with the Spin(32)/Z2 heterotic
string, start with the type I string on a light-like circle with a Wilson line breaking the gauge
symmetry to SO(16)×SO(16). The Wilson line is needed to maintain perturbative control
after a T-duality. We will follow precisely the same set of manipulations that lead to the
matrix description of the type IIB string. Boosting to a space-like circle requires a T-
duality to type I′ then a lift to M-theory. The result is a decoupled theory of N membranes
wrapped on S1 × S1/Z2 with coordinates (θ1, θ2). The type I string coupling and string
scale (gIs , `
I
s) map to the cylinder radii,
gIs =
R1
R2
, (`Is)
2 = RR2. (1.34)
The weakly coupled heterotic string should emerge in the limit where (α′)het = RR1 is fixed
and R2 → 0, while the weakly coupled type I string appears with R2 fixed and R1 → 0.
Now we meet a puzzle. The two S-dual procedures for finding a non-perturbative defi-
nition of the type I/heterotic string do not commute. The first theory, supported on type I
D-strings, is superficially 1+1-dimensional while the membrane theory is 2+1-dimensional.
This is not an immediate contradiction because we are interested in a very special subset
of states with energies scaling like 1
N
; however, it looks intuitively wrong. The membrane
theory appears to have more degrees of freedom, which are critical for the S-duality of the
underlying type IIB string. In this limit where we expect the membrane theory to describe
the heterotic string, we can Kaluza-Klein reduce along S1/Z2 to get a matrix string theory.
Aside from the difference in Wilson lines, this is essentially the theory on N type I
D-strings. Now we can ask about the additional massive Kaluza-Klein states with energies
of order 1
R2
. These are not stable states in the membrane theory but they exist! From the
original space-time perspective these states have light-cone energies,
P− ∼ R
(α′)I
=
R
ghets (α
′)het
, (1.35)
4This is the approach to which citation [11] of [34] refers.
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that correspond to massive perturbative type I modes, or non-perturbative heterotic states.
This suggests that something interesting is happening with the type I D-string theory, which
does not happen with type IIB D-strings. We can speculate about what the difference might
be. Type I D-strings differ from type IIB D-strings in one sharp way: type I D-strings
can break. This is the S-dual version of the observation that there are open Spin(32)/Z2
heterotic strings [37]. Therefore, we should sum over all open string sectors in constructing
the decoupled theory on type I D-strings. This is a collection of unstable massive modes
that supplement the usual degrees of freedom of the D-string gauge theory.
There is a puzzle with this proposal. The energy of the end points found in [37] is of
order 1
(ghets )
2 , while we find modes with energies of order
1
ghets
. Regardless of the precise
identification of these modes, what seems to be clear is that the decoupled theory on type
I D-strings is really 2 + 1-dimensional with a collection of massive modes surviving the
decoupling limit and promoting the 1 + 1-dimensional theory to a theory of membranes
with boundary.
We can now attempt a non-perturbative DLCQ definition of the new string with a light-
like Wilson line breaking the gauge group to SO(16)× SO(16): consider N membranes on
a torus with τ1 = 1/2 quotiented by the action (1.25). These are impurity models with
localized degrees of freedom similar to those described in [38,39]; in this case, a collection of
chiral fermions supported on the boundary. Unlike the conventional type I/heterotic theory,
the matrix description might be central to understanding whether the theory actually exists.
What is really in order is a systematic study of membranes with boundaries, extending the
work of [40–43]; for a review of membrane physics, see [44].
1.5.2 The E8 × E8 string
One final comment is in order. Much past work has been devoted to the matrix model
describing the E8 × E8 string. The approach is to start with M-theory on S1/Z2 and
follow the boost argument to arrive once again at the decoupled theory supported on type
I D-strings; for a review and references, see [45]. This approach only makes visible an
SO(16) × SO(16) gauge symmetry because of the required T-duality from type I′ to type
I.
A more natural approach is to start with the E8 × E8 heterotic string compactified on
a light-like circle with no Wilson line. The same boost argument followed by a T-duality
leads back to the E8 × E8 heterotic string on a large circle with a string coupling growing
like 1

. A subsequent lift to M-theory gives the theory of N membranes compactified on
13
S1×S1/Z2 with coordinates (θ2, θ1). The heterotic string parameters (gE8s , `E8s ) map to the
membrane theory parameters as follows:
gE8s =
R1
R2
, (`E8s )
2 = RR2. (1.36)
The collection of chiral fermions supported at each wall have boundary conditions appro-
priate for an E8 current algebra. Once again these two S-dual procedures do not commute:
the first gives the superficially 1+1-dimensional field theory on D-strings, while the second
again gives a membrane theory. The equivalence of these two procedures again supports
the claim that the decoupled theory supported on D-strings is secretly 2 + 1-dimensional.
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